Introduction of invasive macrophytes often leads to competition with native species or with already established invasive species. Competition between invasive species in multiple-invaded systems is expected to be particularly high, especially when they share growth form and position in the water column. We performed indoor experiments between invasive free-floating Lemna minuta and Landoltia punctata in monocultures and mixtures under a phosphorus gradient concurring with hypereutrophic, eutrophic, mesotrophic, and oligotrophic conditions. Our results showed that a phosphorus reduction from hypereutrophic to eutrophic had important negative impacts on the relative growth rate (RGR) of both species. A further reduction to mesotrophic condition did not alter either species RGR. However, species strategies and nutrient uptake differed. Both intra-and interspecific interference occurred; however, the intensity differed between phosphorus concentrations. Difference in RGR (RGRD) showed L. minuta to gain at high phosphorus levels, while a reduction favoured L. punctata. In oligotrophic condition, either species hardly produced new daughter fronds. Our results are useful to (1) understand the effects of phosphorus and setting target values in the process of eutrophication reduction and (2) diminish the impacts of invasive lemnids since a water column phosphorus reduction would prevent large impacts.
Introduction
In the last 100 years, a variety of invasive aquatic plants have been introduced to Europe due to increasing travel and trade [1] . These introductions often lead to competitive interactions with native species and with already established alien species [2] . Numerous studies on competition have demonstrated competitive superiority of alien plants over native plants due to their higher growth rates [3, 4] . However, competition between alien species has rarely been explored. A high level of competition might be expected, especially between related species with shared growth form, occurring in the same position in the water column [5, 6] .
Eutrophication of aquatic ecosystems is a second major threat to freshwater biodiversity. It plays an important facilitating role in the invasion process [7, 8] , since it can increase the invasibility of water bodies [9] and change the competitive balance between plant species leading to changes in species composition [10] . Eutrophication of most freshwater ecosystems is enhanced by phosphorus inputs [11] , since P is often the limiting element for freshwater macrophytes [12] . P can occur as soluble reactive P (SRP), particulate organic P, and soluble organic P. P is delivered to aquatic ecosystems as a mixture of these forms, but aquatic plants only take up P in inorganic form, primarily as orthophosphate [13] .
Several studies have shown that a high resource availability boosts the performance of invasive species [7, 8, 14] , since successful invaders are capable of using limiting resources more efficiently than less invasive species, leading to higher relative growth rates (RGRs) [15] . However, most of these studies were performed only in high nutrient levels [16] because species with high competitive performance are known to occur in nutrient-rich areas and not in low-nutrient areas [17] . Reducing phosphorus levels is a powerful tool to reduce eutrophication [12] and might help in controlling the productivity and competitiveness of invasive macrophytes, possibly leading to changes in plant community composition. It is crucial that the latter is confirmed by competition experiments in low and high nutrients to examine whether invasiveness of plants is reduced after a water column nutrient 2 ISRN Botany reduction. Since competitiveness for nutrients should incorporate a plant's capability to use that nutrient for growth and its ability to store nutrients when its concentration is low [18] , we studied morphology and life-traits, as well as nutrient storage in plant tissues.
Many alien plant species owe their invasive success to traits related to morphology, physiology, and reproduction [19] . Various studies have attempted to identify common traits associated with invasiveness, to better understand and predict the level of species invasiveness [20, 21] . Even though it is apparent that one set of traits is not applicable to every invasive plant, the search for traits is still crucial [19] . However, studies should focus on related species with the same growth form, since similar species may use different traits to promote invasiveness [19, 22] .
Lemnids, commonly known as duckweed, are small fast growing aquatic plants and are known to be a symptom of high-nutrient concentration in small water bodies [23] . Lemnids develop dense mats when enough nutrients and light are available. These mats reduce submersed plant abundance by eliminating sunlight penetration and interfere with gaseous exchange, reducing fish populations [24, 25] . Duckweeds are P-hyperaccumulators and can use internally stored phosphorus for growth when it is no longer available [26, 27] . Hyperaccumulation can present advantages for the invasion of lemnids and can lead to higher competition with other invasive lemnid species. In this study, we used two invasive lemnid species: Lemna minuta Kunth (least duckweed) and Landoltia punctata Les & Crawford (dotted duckweed). Lemna minuta is native to North and South America and is currently an invasive alien species in Europe including Belgium [28] . Landoltia punctata originates from Australia and Southeast Asia and has invaded several European countries [29] . The species is not present in Belgium but has been reported in The Netherlands [30] . Since lemnids rely on the water column for nutrients, studies on water column nutrient change might help in understanding the effects of phosphorus and setting target values in the process of eutrophication reduction [31] . These results will show whether L. minuta and L. punctata are able to invade habitats ranging in trophic condition, or only high nutrient loaded water columns. Results will also show whether L. punctata should be considered for the Belgian watch or alert list for invasive species.
The present study aimed at investigating competitive outcomes between the two invasive species Lemna minuta and Landoltia punctata growing in varying P concentrations representing hypereutrophic, eutrophic, mesotrophic, and oligotrophic conditions. The main purposes of this study are to investigate (1) the intraspecific and interspecific competition between the invasive lemnids, (2) the life-history traits that enhance the invasive potential of the most invasive species, and (3) the effect of a phosphorus reduction on plant growth, competition, and plant strategies.
Materials and Methods
Lemna minuta was collected from a nature area "Kalkense Meersen" in Belgium, and L. punctata was obtained from Figure 1) . A density of 28 contained twice these groups. Each combination of plants was placed in a 600 mL glass beaker filled with 250 mL solution, resulting in 40 beakers. Beakers were randomly placed in a growth room under identical conditions as during cultivation. Nutrient solutions were renewed every other day during 20 days, after which all plants were separated according to species. At the end of the eutrophic, mesotrophic, and oligotrophic experiments, digital images were taken to estimate the total frond area of each species. Plants were placed in a black container to minimize background effects, filled with an equal amount of water, placed at a constant distance from the camera. This method of estimation was chosen since it is noninvasive or damaging [35] and allows different parameters to be determined using appropriate user-friendly software [36] . Plant pixels were isolated from the total digital image in Adobe Photoshop 7.0, and the total frond number was counted in Image J.
In addition, we determined species traits by randomly selecting 15 clusters of fronds per species in each beaker and determining the number of fronds per cluster and the longest root per cluster. For the oligotrophic experiments all frond clusters were analysed since the final number of clusters was lower than 15. Plants were then oven-dried at 70 ∘ C for 48 hours and weighed.
Particulate organic nitrogen (PON) and carbon (POC) concentrations in plant tissue were analyzed simultaneously using a Flash EA 1112 (Thermo) elemental analyzer [37] , at the Vrije Universiteit Brussel. Known amounts of samples (±10 mg) are packed in tin cups and placed sequentially in the sampler of the analyzer. Samples are first injected under a continuous He flow in a combustion oven (1020 ∘ C) with a pulse of oxygen (flash combustion) where organic C and N are converted to CO 2 , N 2 , and nitrogen oxide gasses. Gasses then sequentially pass through a reduction oven filled with Cu (640 ∘ C) where all nitrogen oxides are reduced to N 2 , through a water trap, and through a GC column where CO 2 and N 2 gasses are separated before reaching a thermal conductivity detector. An acetanilide standard was used to make 6-point standard curves. Samples are analyzed randomly with blanks (empty tin cups) and standards.
Statistical Analysis.
The differences total frond area, number of fronds per cluster, total number of fronds, root length, and tissue nutrient concentration between species and between nutrient levels were analyzed with nonparametric Mann-Whitney test and Kruskal-Wallis ANOVA. To determine the effect of species, water phosphorus and species × phosphorus on biomass, N%, and C%, a two-way ANOVA with aligned rank transformed (ART) data was performed.
The relative growth rate (RGR) of each species was calculated according to the formula: RGR = ln( / )/ , where is the species initial stand biomass and the species stand biomass at the end of the experimental period . The effects of competition and phosphorus reduction on RGR were analyzed using multiple linear regression leading to the equation
The coefficient determines the intraspecific effects of species on its own RGR, whereas shows the interspecific effects of species on the RGR of species . The constant 0 indicates a constant RGR for species .
We calculated and modelled relative growth rate difference (RGRD) as described by Connolly and Wayne [38] :
If all coefficients are zero, then no change in biomass composition occurs. If RGRD > 0, L. punctata gains more than L. minuta and vice versa if RGRD < 0. The species with the higher RGR is considered more efficient over the course of the experiment, having a higher output per unit input [39] .
Results

Relative Growth Rate.
The RGRs of both species in monocultures and mixtures (Table 1) were reduced significantly when lowering nutrients from hypereutrophic to eutrophic condition. However, no significant differences were observed for either species' RGR between eutrophic and mesotrophic condition. In oligotrophic condition both species hardly grew and both species' RGRs were consequently much lower than in other trophic conditions (L. Lemna minuta always performed better in monocultures than mixed cultures except in oligotrophic condition (MannWhitney test; H < 0.0001, E < 0.0001, M < 0.001), while L. punctata showed no difference between monocultures and mixtures except in hypereutrophic condition (Mann-Whitney test: < 0.0001).
A comparison of the RGR between species indicated that L. minuta grew faster than L. punctata in monocultures except in oligotrophic (Mann-Whitney test; H < 0.001, E < 0.01, M < 0.01). In mixtures, however, both species performed similarly except in hypereutrophic condition, where L. minuta grew faster (Mann-Whitney test: < 0.0001).
Strategy
Plant Traits
Difference between Species. We found that in monocultures, both species covered a similar total area in eutrophic and mesotrophic conditions, while in oligotrophic condition, L. punctata covered a larger total area (Mann-Whitney test; < 0.001). In mixtures, L. punctata produced a higher total area than L. minuta in all experiments (Mann-Whitney test; E: Effect of Nutrient Reduction. A nutrient reduction from eutrophic to mesotrophic condition did not change the species total frond area or total frond number, in mixtures and in monocultures (Figures 2(a) and 2(c) ). However, both species produced clusters of fronds consisting of a higher numbers in mesotrophic condition, in monocultures and mixtures (Figure 2(b) ). In oligotrophic condition, both species produced few new fronds, thereby generating a lower frond area. A comparison of the longest root length (Figure 2(d) Effect of Nutrient Reduction. The overall tissue N% followed the pattern that was observed for biomass (Figures 3(a)  and 3(b) ). In both species the tissue N% was significantly lower when the phosphorus concentration in the medium was reduced from hypereutrophic to eutrophic condition. However, no difference was observed between eutrophic and mesotrophic conditions. The oligotrophic condition, however, impeded both species N uptake and resulted in a tissue N% even lower than 2%.
The tissue C% showed a different pattern (Figure 3(c) ). L. punctata tissue C% was similar in hypereutrophic and eutrophic conditions but increased in mesotrophic condition. In oligotrophic condition, however, the P in the medium was so low that C uptake was very low. For L. minuta, C% remained similar in hypereutrophic, eutrophic, and mesotrophic conditions but was lower in oligotrophic level. Two-way ANOVA (Table 2) showed that water phosphorus concentration had a significant influence on biomass, N%, and C%, while species only had an effect on C% and biomass. Species x phosphorus concentration had a significant influence on all.
Influence of Nutrient Reduction and Intra-and Interspecific Effects on Species' RGR.
Both species showed a declining constant growth rate when phosphorus was reduced (Table 3) . In hypereutrophic and eutrophic condition, the RGRs of L. minuta and L. punctata were affected by negative inter-and intraspecific interactions. This indicates that an increase in either species initial biomass would decrease both species RGR. In mesotrophic condition, the RGR of L. minuta was also influenced by negative intra-and interspecific effects. The opposite, however, was observed for L. punctata RGR, which was influenced by positive intraand interspecific effects, indicating that an increase of either species initial biomass has positive effects on the L. punctata RGR. 
Change in Biomass Composition
Discussion
Effect of Nutrient Reduction on Growth.
In this study, both species' growth was negatively influenced by the reduction in phosphorus concentration. The average RGRs found in this study are similar to ranges in the literature [40] [41] [42] . Several authors observed an effect on plant RGR after a change in nutrients [43] [44] [45] . In this study, however, a reduction in phosphorus from eutrophic to mesotrophic condition had no effect on species' biomass production. One reason could be the small difference in phosphorus concentration between the two treatments. This was a possible explanation in the study of Hastwell et al. [46] , who observed no change in biomass when reducing nutrients (0.06 versus 0.12 mg P L −1 , 0.76 versus 1.03 kjeldahl N L −1 ). However, in other studies biomass production did change when reducing water nutrients to similar concentrations [47, 48] . This indicates that a reduction in phosphorus from hypereutrophic to eutrophic condition could have a substantial impact on both invasive species growth and spread, though an additional reduction to mesotrophic condition would have no further effect.
Competition.
We hypothesized that the outcome of competition would change with varying phosphorus concentration. Lemna minuta clearly benefited from high phosphorus concentrations, while a reduction to mesotrophic condition favoured L. punctata. A change in species competitive outcome with similar growth form after nutrient reduction was found in several studies [7, 45] .
Our results show that competition occurred in every experiment except in oligotrophic condition. In hypereutrophic condition, the RGR of L. punctata was influenced by intraspecific competition. The lack of interspecific competition seems evident since competition is expected to occur when nutrients are in short supply [49] . Since fronds are clustered in groups, competition with conspecific neighbours remains possible. A large reduction in phosphorus to eutrophic condition led to intra-and interspecific competition influencing the growth rate of L. punctata. In mesotrophic conditions, positive effects of both species have been observed on the RGR of L. punctata, which could indicate facilitation. Since only few lemnid competition experiments exist, no facilitative interactions are known in function of nutrients. However, facilitation has been observed by Driever et al. [42] in L. minor, producing mats in which temperature increases, thereby helping other species grow. For L. minuta, if any effects occurred, these were always negative.
Strategies.
Even though L. punctata and L. minuta possess many similarities, their behaviour differed when facing competition. L. punctata did not change its strategy when facing competition. L. minuta, however, produced less total fronds, thereby covering a smaller total area. Even though a phosphorus reduction from eutrophic to mesotrophic condition induced no change in either RGR, frond morphology, or number, both species produced clusters consisting of more fronds. Although biomass allocation to roots is often observed at low nutrient supply [50] , the root length of both species decreased when phosphorus was reduced. This can be explained by the fact that growth of meristematic tissue and especially root growth is associated with P and that increasing P promotes root growth [51] . In addition, lemnids are able to take up nutrients by the leaves [26] . Clusters consisting of more fronds could result in a larger contact surface with the water to maximize nutrient uptake.
Effect of Nutrient Reduction on Tissue Nutrient Content.
The result that high phosphorus concentrations favour L. minuta, while lowering the concentration favours L. punctata, is supported by the nutrient tissue content, showing that in all conditions except for oligotrophic, L. punctata was able to store more N and C than L. minuta. Our N% and C% results concur with percentages found in other studies for L. minuta and L. punctata, as well as other related lemnid species [50, 52, 53] . We found that P stress resulted in a lowered uptake of N and a stable or slight increase in C. Interactions between nutrients in tissue have been observed by other authors [54] [55] [56] ; however, few elucidated on this. According to Xu et al. [50] an increase in carbon content in low nutrients could be due to the duckweed's starch production. However, Chapin [57] found similar results in N-stressed plants with lowered tissue P and increased C. Our results can similarly be explained by the fact that a nutrient limitation leads to a growth reduction and therefore a lower carbon need. Since photosynthesis continues, an accumulation of unused carbohydrates occurs. To match the plant's lower C requirement, photosynthesis declines, thereby reducing the amount of N needed which lowers the N uptake [57] .
Conclusions
Lemnids are mostly controlled by mechanical removal; however, these tiny plants are never removed entirely and can rapidly cover a pond again due to their high turnover rates. Environmental control such as nutrient reduction is therefore needed to affect the species growth rates. Our results show that L. minuta and L. punctata are able to invade a wide variety of habitats ranging in trophic condition; however, a water column phosphorus reduction from hypereutrophic to eutrophic condition already induces a significant decrease in growth rates. Water quality targets should therefore be implemented and further studied [31] . The study of nutrient targets however should be species-based [58] to assure an effective control of individual freshwater species since different species can react differently to changed nutrient conditions. We can conclude that a 100 g P L −1 is a realistic goal for pond managers to achieve and to reduce Lemna cover.
We also found L. punctata to outcompete the very invasive L. minuta at lower nutrient conditions, emphasizing that the former species might become even more abundant if not carefully monitored. However, since its ecology hardly differs from L. minuta and native duckweed, this species will probably not become invasive [30] . Due to the widespread nonnative distribution of L. minuta and the species' impact, we advise that L. minuta should be added to Invasive Alien Species lists of European countries, as is the case for Belgium, and considered for management.
